Atrial fibrillation (AF)-associated poor outcomes in heart failure (HF) are often attributed to older age, advanced disease, and comorbidity burden of HF patients with AF. Therefore, we examined the effect of AF on outcomes in a propensity-matched study in which patients with and without AF were well balanced on all measured baseline characteristics.
Introduction
Atrial fibrillation (AF) is common in heart failure (HF) and has been associated with poor outcomes. 1 -3 However, to what extent a history of AF is independently associated with poor outcomes has not been studied in a propensity-matched population of chronic advanced systolic HF patients. 3 -6 Traditional regressionbased multivariable risk adjustment models are limited by strong model assumptions that may not always be appropriate and concern for residual bias and procedural transparency. 7, 8 However, propensity-score matching can be used to assemble two groups of patients balanced on all measured baseline covariates. 9 -12 Furthermore, because outcomes data are not needed during study design, it allows investigators to design observational studies while remaining blinded to study outcomes, a key feature of randomized clinical trials. Therefore, in the current study, we examined the association of a history of AF and long-term outcomes in a propensity-matched cohort of HF patients.
Methods

Source of study data
The Beta-Blocker Evaluation of Survival Trial (BEST) was a multicentre randomized clinical trial of bucindolol, a beta-blocker, in advanced systolic HF, methods and results of which have been previously published. 13 Briefly, 2708 patients with advanced chronic systolic HF were enrolled from 90 different sites across the USA and Canada between May 1995 and December 1998. These patients had a mean left ventricular ejection fraction of 23% and all patients had New York Heart Association class III-IV symptoms. Over 90% of all patients were receiving angiotensin-converting enzyme inhibitors, diuretics, and digitalis. We used a public-use copy of the BEST dataset obtained from the National Heart Lung and Blood Institute that included 2707 patients (one patient did not consent to be included in the public-use copy). The current analysis focuses on a subset of 974 propensity-matched patients.
History of atrial fibrillation
Overall, 653 (24%) patients had a history of AF. Data on AF were collected by study investigators and were not centrally adjudicated. Of the 653 patients with AF, 293 (45%) had electrocardiographic (ECG) evidence of AF at baseline. Considering the similar unadjusted all-cause mortality between patients with a history of AF who had and did not have ECG evidence of AF at baseline, we chose to combine these patients into one group. Of the 2054 patients without AF, only 10 patients had ECG evidence of new AF at baseline.
Study outcomes
Primary outcomes for this propensity-matched study were all-cause mortality and HF hospitalization. Secondary outcomes were cardiovascular and HF mortality and all-cause hospitalization. Investigators blinded to the outcomes ascertained study outcomes. Patients were followed for a mean of 23 months (median follow-up, 22 months; range: 1 -50 months).
Assembly of a balanced cohort
Because of significant imbalances in baseline characteristics between patients with and without AF before matching (Table 1) , we used propensity-score matching to assemble a cohort of patients whereby those with and without AF would be well balanced on all measured baseline characteristics. 8, 14 We began by estimating propensity scores for AF for each of the 2707 participants using a nonparsimonious multivariable logistic regression model. In the model, AF was used as the dependent variable, and all clinically relevant baseline characteristics (n ¼ 74) displayed in Figure 1 were included as covariates.
Because propensity-score models are sample-specific adjusters and are not intended to be used for out-of-sample prediction or estimation of coefficients, measures of fitness and discrimination are not important for the assessment of the model's effectiveness. 9 -12 The efficacy of propensity-score models is best assessed by estimating post-match absolute standardized differences between baseline covariates that directly quantifies the bias in the means (or proportions) of covariates across the groups, expressed as a percentage of the pooled standard deviations. We therefore calculated pre-and post-match absolute standardized differences and presented those findings as Love plots. 9 An absolute standardized difference of 0% indicates no residual bias and , 10% is considered of inconsequential bias. We used a greedy matching protocol to match patients with and without AF who had similar propensity scores to five, four, three, two, and one decimal places in five repeated steps. 9 -12 In the first step, we multiplied the raw propensity scores by 100 000. For example, propensity scores of 0.57520576 and 0.57520374 for a pair of patients with and without AF, respectively, were converted to 57520.58 and 57520.37. Then we rounded both the numbers to the nearest value divisible by 0.25 (e.g. 57520.50) and matched. All patients matched by propensity scores to the five decimal places were then removed from the file. In the second step, we multiplied the raw propensity scores by 10 000, rather than 100 000, and repeated the above process. This was then repeated three more times, each time, multiplying by 1000, 100, and finally 10. In all, we were able to match 487 of the 653 history of AF patients with 487 patients who had no history of AF, but had similar propensity for AF.
Statistical analysis
For descriptive analyses, we used Pearson x 2 and Wilcoxon rank-sum tests for the pre-match, and McNemar's test and paired sample t-test for the post-match comparisons of baseline covariates between patients with and without AF, as appropriate. Kaplan-Meier and matched Cox regression analyses were used to determine the associations of AF with various outcomes during 23 months of mean follow-up. Log-minus-log scale survival plots were used to check proportional hazards assumptions. To assess the effect of loss of participants during matching, we repeated our analysis in all 2707 pre-match patients using three different Cox regression models: (i) unadjusted, (ii) multivariable-adjusted, using all covariates used in the propensity-score model, and (iii) propensity score adjusted. To eliminate potentially inflated pre-match associations due to larger sample size, we assembled a pre-match cohort of 487 pairs of patients by pairing our matched AF patients with a randomly selected subset of 487 non-AF patients from the pool of 2054 pre-match non-AF patients.
Sensitivity analysis
Even though our matched cohort achieved excellent balance in all measured covariates between the two groups, we do not know if there was bias due to imbalances on a hidden covariate (a baseline characteristic that was not measured and thus not used to estimate propensity scores). We therefore conducted a formal sensitivity analysis to quantify the degree of hidden bias that would need to be present to invalidate any conclusions based on significant association between AF and primary outcomes among matched patients. 15 Specifically, we used Rosenbaum's model and related mathematical equations to place bounds on the significance levels that would have been appropriate for our primary comparisons between patients with and without AF had a hidden bias of a particular size occurred. 15 
Subgroup analysis
Select subgroup analyses of matched patients based on demographics (age 65 years, sex, and race), clinically relevant comorbidities and marker of disease severity (coronary artery disease, hypertension, diabetes mellitus, chronic kidney disease, and left ventricular ejection fraction , 25%), and randomization factor (bucindolol use) were conducted to determine heterogeneity of the associations of AF with HF hospitalization. We first calculated the absolute risk differences, and then estimated the effects of AF on HF hospitalization in each group using Cox regression models. Because of a lack of a significant overall association between AF and mortality, we did not perform a formal subgroup analysis for this outcome. However, considering that patients were randomized to bucindolol, we examined the association of AF and all-cause mortality in subgroups of patients receiving bucindolol and placebo. Finally, we formally tested for first-order interactions using Cox proportional hazards models, entering interaction terms for each subgroup (e.g. gender*AF for the gender subgroups). All statistical tests were two-sided, and tests with P , 0.05 were considered significant. All statistical analyses were done using SPSS for windows version 15.
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Results
Baseline characteristics
Matched patients had a mean age of 63 (+11) years, 14% were women and 19% were African American. Before matching, patients with AF were older, had a longer duration of HF and higher comorbidity burden than those without AF. These and other significant imbalances in baseline characteristics before matching and the balances achieved on all baseline characteristics after matching are displayed in Table 1 and Figure 1 . After matching, absolute standardized differences for all measured covariates were ,10% (most were ,5%), suggesting substantial covariate balance across the groups (Figure 1 ).
Atrial fibrillation and mortality
Overall, 368 (38%) matched patients died, including 314 (32%) due to cardiovascular causes and 110 (11%) due to HF during 1874 patient-years of follow-up. In the 487 matched-pair cohort, allcause mortality occurred in 187 (rate, 2046/10 000 person-years) and 181 (rate, 1885/10 000 person-years) patients with and without AF, respectively [matched hazard ratio (HR) when AF was compared with no AF 1.03, 95% confidence interval (CI) 0.79 -1.33; P ¼ 0.84; Figure 2A and Table 2 ]. No formal sensitivity analysis was conducted due to lack of any significant association between AF and all-cause mortality. Atrial fibrillation-associated mortality due to all causes was of borderline significance among patients in the placebo group (HR for AF 1.30, 95% CI 0.98-1.73; P ¼ 0.073) but not among those in the bucindolol group (HR for AF 0.90, 95% CI 0.67-1.21; P ¼ 0.48; P for interaction ¼ 0.08; data not shown).
In the full pre-match cohort of 2707 patients, all-cause mortality occurred in 39% (rate, 2088/10 000 person-years of follow-up) and 29% (rate, 1430/10 000 person-years of follow-up) of patients with and without AF, respectively (unadjusted HR for AF 1.47; 95% CI 1.27-1.70; P , 0.0001). To determine if the significant pre-match association between AF and total mortality may have been due to its larger sample size, we assembled 487 pairs of pre-match patients by pairing 487 matched AF patients with 487 random non-AF patients from the 2054 pre-match patients without AF. Among the 487 random-pair pre-match patients, all-cause mortality occurred in 38 and 29% of patients, respectively, with and without AF (unadjusted HR 1.44; 95% CI 1.16 -1.80; P ¼ 0.001; data not shown). Multivariable-adjusted and propensity-adjusted HR's for AF were, respectively, 1.18 (95% CI 1.01-1.38; P ¼ 0.040) and 1.12 (95% CI 0.94-1.34; P ¼ 0.21).
In matched patients CV mortality occurred in 156 (rate, 1706/ 10 000 person-years) and 158 (rate, 1645/10 000 person-years) Figure 1 Love plots for absolute standardized differences for baseline covariates between patients with and without a history of atrial fibrillation, before and after propensity score matching (ACE, angiotensin-converting enzyme; ARB, angiotensin-receptor blocker).
Atrial fibrillation and heart failure outcomes patients with and without AF, respectively (matched HR when AF was compared with no AF 0.97, 95% CI 0.74-1.28; P ¼ 0.83; Table 3 ). Heart failure mortality occurred in 60 (rate, 656/10 000 person-years) and 50 (rate, 521/10 000 person-years) patients with and without AF, respectively (matched HR when AF was compared with no AF 1.10, 95% CI 0.67 -1.82; P ¼ 0.70; Table 3 ). Pre-match associations of AF with mortality due to cardiovascular causes and HF are displayed in Table 3 .
Atrial fibrillation and hospitalization
Overall, 630 (65%) patients were hospitalized including 399 (41%) due to HF. Heart failure hospitalizations occurred in 215 (rate, 3171/10 000 person-years) and 184 (rate 2405/10 000 personyears) patients with and without AF, respectively (matched HR when AF was compared with no AF 1.28, 95% CI 1.00-1.63; P ¼ 0.049; Figure 2B and Table 2 ). In the absence of hidden bias, a sign-score test for matched data with censoring provides evidence (P ¼ 0.048) that HF patients with a history of AF clearly had more hospitalizations due to HF than those without a history of AF. Findings from our sensitivity analysis indicate that a hidden covariate, which is a near-perfect predictor of HF hospitalization, may potentially explain away the association between AF and HF hospitalization, if that would increase the odds of AF by only 0.205%. The associations of AF with HF hospitalization among various subgroups of patients are displayed in Figure 3 . Atrial fibrillation-associated hospitalization due to HF was significant only among patients in the placebo group (HR for AF 1.54, 95% CI 1.17-2.03; P ¼ 0.002) but not among those in the bucindolol group (HR for AF 1.08, 95% CI 0.81-1.43; P ¼ 0.61; P for interaction ¼ 0.09; Figure 3) . Association of AF with all-cause hospitalization is displayed in Table 3 .
Overall 918 (94%) matched patients were receiving digoxin and among these patients, AF was associated with increased HF hospitalization (HR 1.29, 95% CI 1.06-1.58; P ¼ 0.012; data not shown). However, this association varied by the use of bucindolol. Among patient receiving digoxin without bucindolol (n ¼ 451), AF was associated with increased HF hospitalization (HR 1.56, 95% CI 1.17-2.06; P ¼ 0.002). On the other hand, among patients receiving both digoxin and bucindolol (n ¼ 467), AF had no association with HF hospitalization (HR 1.08, 95% CI 0.81-1.45; P ¼ 0.58; P for interaction ¼ 0.09; data not shown).
In the pre-match cohort of 2707 patients, HF hospitalization occurred in 45% (rate, 3209/10 000 person-years of follow-up) and 37% (rate, 2243/10 000 person-years of follow-up) of patients with and without AF, respectively (unadjusted HR for AF 1.38; 95% CI 1.21-1.58; P , 0.0001; Table 2 ). Multivariable-adjusted and propensity-adjusted HR's were, respectively, 1.26 (95% CI 1.09-1.45; P ¼ 0.002) and 1.22 (95% CI 1.04-1.44; P ¼ 0.016).
All-cause hospitalizations occurred among 328 (rate, 6271/ 10 000 person-years) and 302 (rate 5216/10 000 person-years) matched patients with and without AF, respectively (matched HR when AF was compared with no AF 1.22, 95% CI 1.00-1.50; P ¼ 0.06; Figure 2B and Table 2 ). Pre-match associations of AF with all-cause hospitalizations are displayed in Table 3 . 
Discussion
Significant bivariate associations of AF with increased risk for both all-cause, cardiovascular, and HF mortality and all-cause and HF hospitalizations in patients with advanced chronic systolic HF suggest that AF remains an important prognostic marker in these patients. However, data from propensity-matched patients, who were well balanced in 74 baseline characteristics, demonstrate that AF had no intrinsic association with total or cause-specific mortality, but had an independent association with HF hospitalization. These findings are important as hospitalization due to worsening HF is a major cause of hospitalization for patients with HF, and in the US it is the leading cause for hospitalization for Medicare beneficiaries 65 years and older. Further, the lack of an intrinsic association of AF with mortality may in part explain the lack of superiority for rhythm control strategy relative to rate control in these patients. 17 Atrial fibrillation is characterized by irregular cardiac rhythm, which along with an uncontrolled heart rate, may cause significant haemodynamic abnormalities leading to worsening HF and hospitalization. Atrial fibrillation is also associated with structural and functional pathologies such as a dilated left atrium with impaired contraction, impaired left ventricular filling, and activation of vasoconstrictive neurohormones. 4, 18, 19 However, little is known about the individual contribution of an abnormal cardiac rhythm or an uncontrolled heart rate to the haemodynamic instability in HF patients with AF that may lead to HF or all-cause hospitalizations. An irregular cardiac rhythm alone, in the presence of controlled ventricular rate, may cause acute adverse haemodynamic events in AF. 20 However, whether an irregular rhythm alone, in the presence of normal heart rate, may also lead to increased HF hospitalization is unknown. Findings from a recent large randomized clinical trial of rhythm vs. rate control for AF in systolic HF suggest that fewer patients in the rate control group required hospitalization, highlighting the importance of a rate control strategy. 17 Although uncontrolled heart rate may also lead to adverse haemodynamic consequences, heart rate in matched patients with AF was well controlled and was well balanced. Therefore, Absolute differences in rates of events per 10 000 person-years of follow-up were calculated by subtracting the event rates in the atrial fibrillation group from the event rates in the no atrial fibrillation group (before values were rounded).
the observed association of AF and HF hospitalization cannot be explained by baseline uncontrolled heart rate or baseline differences in heart rate. However, it is plausible that heart rate varied between patients with and without AF during follow-up. Heart failure patients with AF may have an inappropriate tachycardic response to physical activities or other stresses which could lead to acute decompensation with resultant increases in HF hospitalization. This notion is supported by our subgroup analyses that demonstrated that AF-associated increased HF hospitalization was only observed among patients not receiving bucindolol, a betablocker ( Figure 3 ). In the BEST, patients receiving bucindolol were less likely to have tachycardia. 13 Beta-blockers are currently recommended as the drug of choice for control of ventricular rate in HF patients with AF. 21 This is particularly important as betablockers, when added to digitalis, may have a synergistic effect in controlling ventricular rate both at rest and during physical activities. 22 -24 Over 90% of patients in our study were receiving digoxin, and among these patients, AF-associated increase in HF hospitalization was only seen in patients who were not receiving bucindolol. Interestingly, although AF had no overall association with mortality, in the subgroup of patients not receiving bucindolol, AF seemed to be associated with increased mortality, but had no significant association among those receiving bucindolol.
Despite an increased unadjusted bivariate association, findings from our study suggest that AF may not have an intrinsic association with mortality and that the bivariate association was likely due to differences in prognostically important baseline covariates. This is consistent with the findings from a recent large randomized clinical trial of rhythm vs. rate control for AF in systolic HF, where rhythm control did not reduce the primary endpoint of cardiovascular mortality. 17 The authors of that study speculated that the failure of the rhythm control strategy may have been due to the fact that AF in HF may not have an intrinsic association with mortality, 17 a contention which is supported by findings from our study. It was further speculated that the benefit of rhythm control may have been cancelled by harmful effects of antiarrhythmic therapies. The proportion of patients receiving antiarrhythmic drugs was low in our study and was well balanced in our matched cohort. Previous studies have demonstrated a lack of an independent association between AF and mortality. 4, 25 However, our study is distinguished from those studies by the use of propensity-score matching in which patients with and without AF were well balanced in 74 important demographic, clinical, subclinical, and biochemical covariates. Further, our subgroup analysis provided insight into the role of beta-blockers in HF patients with AF.
Limitations
There are several limitations in the current study. Despite an excellent post-match balance in 74 baseline covariates, it is possible that there were imbalances in unmeasured covariates. In fact, our sensitivity analysis suggests that our findings may be rather sensitive to an unmeasured confounder. However, sensitivity analysis cannot determine whether an unmeasured covariate exists or not. Furthermore, for an unmeasured covariate to be a confounder, in addition to being associated with the exposure (AF), it must also be a near-perfect predictor of outcomes (HF hospitalization) and not be strongly correlated with any of the 74 measured Figure 3 Association of a history of atrial fibrillation with hospitalization due to heart failure in subgroups of propensity score-matched patients in the BEST (CI, confidence interval; HR, hazard ratio).
covariates used in our propensity model. We were able to match 75% of patients with AF and any effect due to loss of participants during matching would be minimal. Further, we were able to reproduce our key findings in the pre-match dataset adjusting for propensity score. Interestingly, despite same sample size, we observed discordant findings after risk adjustment using a traditional multivariable model and propensity score. Multivariable regression adjustments may not ensure that the distribution of the confounders is balanced between groups, which may lead to extrapolations beyond the data. 7 Results of this study based on advanced systolic HF patients may not be generalizable to patients with mild to moderate HF and those with diastolic HF, who constitute half of all HF patients. It is possible that some patients without baseline history of AF may have developed AF during the follow-up period. However, this regression dilution is known to underestimate true associations. 26 
Conclusions
Atrial fibrillation is a marker of increased mortality and hospitalization in advanced systolic HF and remains a useful tool to identify patients at risk of poor outcomes. Atrial fibrillation seems to have an intrinsic association with hospitalization due to worsening HF, which was worse in patients not receiving bucindolol. Despite the overall lack of an intrinsic association of AF with mortality, it appears to increase mortality in those not receiving bucindolol. These data provide additional arguments that HF patients with AF should be treated with beta-blockers in the absence of an absolute contraindication.
